Several models of the evolution of genetic systems posit very strong frequency-dependent selection acting on small spatial scales; in such circumstances a genetically diverse sibship outperforms a genetically uniform sibship, and genes for mixis may spread in a population. Such selection regimes may derive from resource limitation and/or parasite transmission. We describe a greenhouse experiment designed to test these ideas, using the annual herb Zmpatiens capensis. Plants were potted in pairs; the genetic variance within pots was manipulated by using progeny from either inbred or outcrossed parents and by using either full sibs or unrelated individuals. Treatment combinations designed to increase genetic diversity resulted in greater phenotypic variance in both morphology and production, though not in the density of spider mites or whiteflies. Despite evidence of resource limitation, there was no effect of genetic diversity on productivity, nor was there an effect on infestation. These results fail to support either the sib competition or the sib contagion theory of outcrossing.
Introduction
One obvious consequence of sexual reproduction is the genetic diversification of the offspring from a single female, and several theorists have singled out this effect * Current address'and address for correspondence: Biology Board of Studies, University of California, Santa Cruz, CA 95064, USA.
as the likely function of sex. Proposed benefits of sib diversification include more efficient use of resources and reduced parasite transmission (Bell, 1982 (Bell, , 1985 Price and Waser, 1982; Tooby, 1982) . Both mechanisms have been thought to generate frequency-dependent selection on small spatial scales, which results in greater production in genetically diverse sibships then in genetically uniform sibships. These ideas may also apply to the evolution of outcrossing (Waller, 1980 (Waller, , 1984 Schmitt and Ehrhardt, 1987) .
Over the short term (i.e. several generations), inbreeding tends to increase the total genetic variance in a population and to change the distribution of that variance such that more of it lies between families and less within families (Falconer, 1981) . With simple additive gene action, the total genetic variance is:
where F is Wright's inbreeding coefficient and V, is the genetic variance in a comparable random mating population. The variance of full sibs within families is:
(1 -FJV,P, where F, is the parental inbreeding coefficient. Thus inbreeding tends to reduce the variance within families and so, by hypothesis, increases competition and/or infestation. In our experiment we manipulate the genetic variance of plants in a pot and test for the predicted increase in productivity and decrease in infestation by two common greenhouse pests.
Natural history
Zmpatiens capensis (Balsaminaceae), or jewelweed, is an erect annual forest herb. Each individual may produce two types of flowers: small cleistogamous (CL) flowers which never open and are therefore obligately self-fertilized, and showy chasmogamous (CH) flowers which open and can potentially outcross. CH flowers are pollinated by bees or hummingbirds. The stigma is available for pollination only after the androecium (pollen-producing organ) has fallen off, thus promoting outcrossing; Waller and Knight (1989) report mean outcrossing rates of 0.3 to 0.7 for CH flowers. The proportion of seeds produced by CH flowers increases with total fecundity (Wailer, 1980) . Seeds are dispersed from the parent generally no more than 2 m via explosively dehiscent seed capsules. All viable seeds germinate the next spring -there is no seed bank. Populations can suffer considerable damage from various insect herbivores, which tend to be host-specific (Schemske, 1978) .
The two-spotted spider mite (Tetranychus urticae, Tetranychidae, Acariformes) and the greenhouse whitefly (Trialeurodes vaporariorum, Aleyrodidae, Homoptera) are cosmopolitan greenhouse pests capable of considerable damage. For I. capensis, Mitchell-Olds and Waller (1985) report that whiteflies were responsible for 23% mortality one year in the greenhouse, though mortality was negligible in other years. The spider mites are haplo-diploids, while both haplo-diploid and wholly parthenogenetic races of whiteflies are known (Helle and Sabelis, 1985; Suomalainen et al., 1987) . The generation time of spider mites can be as short as 10 days. (Helle and Sabelis, 1985) while that of whiteflies is about 30 days (Nelson, 1978) .
Experimental design and methods
The above equations are useful for understanding three aspects of experimental design. First, note that the variance of full sibs within families depends not on their own inbreeding coefficient but on that of their parents. Thus one cannot test the sib diversification hypothesis by comparing the productivity of inbred and outcrossed full sibs from the same parent; rather, it is best tested in an experiment spanning at least three generations, in which one compares the progeny of parents themselves derived from either inbred or outbred crosses. Second, note that the difference between inbred and outbred treatments is greatest if one starts with inbred grandparents, for then one can create both highly inbred and completely outbred parents. (One generation of random mating is sufficient to reduce any inbreeding coefficient to zero.) Only then will full sibs from the inbred treatment be alike at the vast majority of loci. Finally, note that the range of treatment levels may be further extended by planting unrelated individuals together in a pot. Unrelated progeny of inbred parents will be more variable than those of outbred parents.
Our study spanned three years ( Fig. 1 ) using material from a single natural population of 1. cupensis at Mont St. Hilaire, Quebec. The site is well shaded and individuals are typically small; consequently, though a few thousand individuals reproduce each year, very few chasmogamous flowers are produced and the population is likely to be highly inbred. In the spring of 1987 seedlings from this population were transplanted into pots in a small experimental garden. On reaching maturity a sample of 16 individuals (the grandparents of our experimental subjects) showing the derivation of our subjects and experimental design. Individuals are from either inbred or outbred grandparental crosses and are grown with either a full sib or an unrelated individual from the same type of grandparental cross.
were moved to an insect exclosure and both CH seeds produced by hand pollination and CL seeds were collected. (A small number of experimental subjects [ 121 were also derived from CL seeds collected from 6 plants left in the garden.) These seeds were left to over-winter and grow the next year (1988) in the outdoor garden. Positions were not randomized and plants from CL seeds were exposed to more sunlight and were generally smaller than those derived from the controlled matings. CL seeds were collected from these parental plants, stored on damp filter paper at approximately 4" C and planted the next year (1989) in a climate-controlled greenhouse chamber in the McGill University Phytotron.
Upon germination (beginning day 0), seedlings were placed in 5 cm peat pellets. Established seedlings were then placed in 13 cm pots of Promix, together with either a full sib or an unrelated individual from the same type of parent (outcrossed or inbred). Pots were arranged in blocks of four in the greenhouse, each block comprising a pair of sibs from inbred parents, a pair of sibs from outcrossed parents, a pair of unrelated individuals from inbred parents, and a pair of unrelated individuals from outcrossed parents. Because of a shortage of individuals from CL parents, 4 of the 22 blocks were unbalanced. Plants were misted and fertilized as necessary with Hoaglands solution (version 2 -Dunn and Arditti, 1968).
Measurements
We measured plant height and diameter at the first node on days 39 and 75 and measured plant height again on day 116. Plants were harvested and processed by blocks when they began to senesce (days 153-169). To measure the incidence of adult whiteflies, pots were gently placed on an open garbage bag and the sides of the bag were quickly drawn up, around, and over the two plants. A ball of cotton soaked with ether was then placed in the plastic bag, which was left sealed for at least an hour. The plants were then removed and the inside of the bag examined for whiteflies. (A few whiteflies escaped detection by this method; thus the reported values slightly underestimate the true values.) For each plant we then measured three consecutive internode lengths, starting at the bottom-most node; the total number of nodes; the minimum diameter at the first internode; and the maximum diameter at the second node. "Nodiness' is the difference between these two diameters. All leaves on every fourth branch were then removed and either examined immediately under a dissecting microscope or first pressed and examined later. We recorded the number of spider mites and immature whiteflies (including empty pupal cases) on the bottom of each leaf. The remaining above-ground portion of the plant was oven dried and weighed. Final height and dry weight are used as measures of production; previous work in an experimental garden found that both were highly correlated with total lifetime fecundity (r = 0.88 and 0.93 respectively, n = 40; calculated from data in Smit, 1986). We also attempted to eliminate maternal effects on final production by calculating residual height and dry weight, having removed the linear effect of height at day 39(r2 = 0.47 and 0.23 respectively, n = 176).
Analysis
The four treatment combinations, in order of increasing genetic variance, are (1) sibs of inbred parents; (2) sibs of outcrossed parents; (3) nonsibs of outcrossed parents; (4) nonsibs of inbred parents. The simplest analysis is the rank correlation between the response variable of interest and the treatment, with the four treatments being given values of 1 to 4, in order of increasing genetic variance. We also present the analyses of variance. Because outcrossing increases genetic variance among sibs, but decreases it among nonsibs, its effect is appropriately tested by the interaction of relatedness with degree of parental outcrossing (Rel*Out).
Outcrossing also increases individual heterozygosity, which is tested by the main effect of outcrossing in the ANOVA.
Although it would be possible to interpret this effect in terms of developmental homeostasis or heterosis, in our experiment the parental type is confounded with the parental environment, as inbred parents were in a more stressful environment (see above). As our primary concern is with the effect of outcrossing on genetic variance, we have chosen to present the interaction term before the outcrossing main effect in our tables of results; none of the mean squares are changed by this. Except where indicated, the pot is the unit of analysis.
Results

Phenotypic variances
To test whether the manipulations of genetic variance had an effect on phenotypic variance, we calculated the range within pots for each character. For all morphological and production characters there is a positive correlation between phenotypic and genotypic variance, which is statistically significant in many cases (Table 1 ). The analyses of variance tend to show the separate effects of relatedness and outcrossing in the predicted direction, sometimes significant. These results indicate the existence of genetic variance in the population for morphological and production characters. However, there is no indication of genetic variation in susceptibility to either spider mite or whitefly infestation.
Resource limitation
To test whether resources in pots were limiting we compared the variance of plant size within and among pots by single classification ANOVA.
At the beginning of the growing season there were highly significant differences in plant size among pots (Fig. 2) . These differences declined with time, such that at time of harvest there was significantly less variance among pots than would be expected based on the variance within pots. These results suggest that genetic differences among full sib families were expressed while the plants were small, whereas resource limitation within pots imposed a more-or-less fixed ceiling on the total production of a pot when the plants were fully grown.
Production
The correlation between our two measures of production, total height and dry weight, is statistically significant but not strong (r = 0.57, n = 88, p < 0.001). Neither character is correlated with genetic diversity, a result corroborated by the analyses of variance (Table 2) .
There is some indication that the final height of the progeny of inbred parents is less than that of the progeny of outcrossed parents (Table 2) . This difference was also observed at the first measuring date, but subsequent relative growth rates were not significantly different. Thus, it seems that our inbred parents produced lower quality seed than our outcrossed parents; however, because parental type and parental environment were confounded, this result cannot be given an unequivocal interpretation.
Infestation
All measures of infestation were square-root transformed for analysis, and back-transformed for presentation. The mean number of spider mites and immature whiteflies per leaf were 0.043 (0.032-0.055, 95% CL) and 0.22 (0.18-0.26) respectively; the mean number of adult whiteflies collected per pot was 16 (13-22) . Nested analysis of variance indicates that there are highly significant differences among pots within blocks for the mean number of both spider mites and immature whiteflies per leaf hss = 2.1 and 1.9 respectively, p 5 0.002). Further, the number of immature whiteflies correlates well with the number of adults (r = 0.55, n = 88, p < 0.001). Together, these analyses suggest that our measures of pest infestation are reliable.
The number of spider mites is not correlated with the number of immature whiteflies (r = -0.08, p > 0.4) and only weakly with the number of adults (r = -0.21, p = 0.05). None of the three measures of infestation was correlated with either total height or total dry weight (for all, -0.02, I r I 0.12, p 2 0.2).
There is no relationship between genetic diversity of plants in a pot and any measure of infestation, either by correlation or ANOVA (Table 2 ). There is some slight tendency for more spider mites to be found on inbred plants, but again this result is difficult to interpret. At a slightly larger spatial scale, we calculated the genetic variance of whole blocks using the identity of grandparents contributing to the block and Simpson's index of diversity (D = 1 -Cp). In theory this index can range from 0 to 1; however, in our experimental design it ranged only from 0.69 to 0.88. This measure of genetic diversity did not correlate with the number of spider mites, immature whiteflies or adult whiteflies (r = 0.18, -0.23, -0.02 respectively, n = 22, p 2 0.3).
Discussion
The hypothesis under examination asserts that similar genotypes depress each other's fitness more than dissimilar genotypes; such a proposal figures prominently in several models for the evolution of sexual reproduction (Bell, 1982 (Bell, , 1985 Price and Waser, 1982; Tooby, 1982; Case and Taper, 1986) . Two plausible mechanisms by which such an effect might occur include greater overlap of resource requirements and the more rapid spread of parasites. Comparisons of genetically diverse and genetically uniform populations provide direct tests of the hypothesis. The simplest and most general form of the hypothesis predicts an advantage to genetic diversity large enough to pay the two-fold cost of sex more-or-less regardless of the genotypes and environments concerned. The most extensive relevant data base is that on agronomic trials of crop mixtures and monocultures. In general, mixtures of crops and cultivars tend to support lower levels of both pathogens (Burdon, 1987:47) and insect herbivores (Risch et al., 1983) . However, the effect on yield seems to be minimal. A survey of 161 comparisons in 7 crops between monocultures and equal binary mixtures of cultivars revealed a consistent but very small tendency for mixtures to have greater seed yield then the mean of the component monocultures (mean advantage 1.8%, 95% CL. l.l-2.5%; G. Bell, unpublished MS; see also Trenbath, 1974) . Experiments involving more diverse mixtures, with about 10 varieties or cultivars, lead to similar conclusions (eg. Clay and Allard, 1969; Walker and Fehr, 1978) . The hypothesis in its simplest and most general form seems unlikely to be correct.
From the standpoint of a population biologist, the genotypes being mixed in these agronomic trials are somewhat arbitrary -they have neither evolved together nor evolved in a genetically heterogeneous environment. Experiments in which mixtures of genotypes which have evolved together for 5-20 generations are compared to arbitrary mixtures have led to some suggestively large differences (Allard, 1961; Allard and Adams, 1969; Shorter and Frey, 1979) . In our experiments we went even further and derived all our subjects from a single natural population of I. cupensis. Using material from an inbred population has the advantage that full sibs of inbred parents are identical at the vast majority of loci. A potential disadvantage is that such a population may have reduced genetic variability; this possibility was mitigated first by extending the range of treatments to include planting nonsibs together, and second by testing directly for quantitative genetic variation. Despite evidence of such variation for morphological characters (Table 1 ) and of resource limitation (Fig. 2) , Table 3 there was no effect of genetic variance on productivity, nor was there an effect on infestation by spider mites and whiteflies. This latter result is perhaps not too surprising given that there was no evidence of genetic variance for susceptibility in the population, perhaps because common greenhouse pests are likely to be extreme generalists. We are not aware of any other similar study of infestation rates, not of any other 3-generation study of the effect of outcrossing. However, genetic diversity has been manipulated by similar means in experiments on seven species, and these also show no effect on production ( Table 3 ). The hypothesis is constrained still further.
Nevertheless, there remains one obvious escape ~ while our experimental material and that of the other studies in Table 3 was derived from an evolved mixture, the comparisons of mixtures and monocultures were made in a greenhouse or experimental garden, not the environment in which the mixture evolved. It is conceivable that only in this environment will evolved mixtures markedly outperform monocultures. Unfortunately, our knowledge of the performance of evolved mixtures in the natural environment is scanty, restricted to a series of experiments on Anthoxanthum odoratum (Antonovics and Ellstrand, 1984; Schmitt and Antonovics, 1986; Kelley, 1989a) . (Even here the naturalness of the environment is debatable ~ A. odor&urn is native to Europe, yet the experiments were conducted using material from a mown field in North America.)
In the only study of pest infestation, Schmitt and Antonovics ( 1986) report no significant difference in the number of aphids per plant between individuals flanked by 4 sibs and those flanked by 4 nonsibs. Effects on fitness components have been ambiguous. Antonovics and Ellstrand (1984) report suggestively large mean differences in performance between tillers flanked by clones or nonclones (production ratios of 1.5 and 2.2) but with considerable variance and skew in the data such that confidence limits were wide and statistical significances test-dependent. Schmitt and Antonovics (1986) compared survival rates of individuals flanked by either 4 sibs or 4 nonsibs ~ there was no difference for aphid-free plants (p > 0.8) but among aphid-infested plants those flanked by nonsibs survived about 30% better (0.5 >p > 0.02). There was no difference in the probability of reproducing (p > 0.9). Finally, as part of a larger experiment, Kelley (1989a) compared the output of patches of 8 tillers from either 2 or 4 parents. There was no significant difference for either sexually derived tillers or asexually derived tillers.
To conclude, the weight of evidence indicates that mixtures do not significantly outperform monocultures when either arbitrary mixtures of genotypes are used (crop data) or when evolved mixtures are used in an arbitrary environment (this study; Table  3 ). If strong frequency-dependent selection acting on small spatial scales is responsible for the maintenance of outcrossing, it is easily disrupted. The behaviour of evolved mixtures in the environment in which they evolved remains largely unknown.
